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Outline

m General Introduction: Brief History and
Basics of Basics

m Deep Inelastic Scattering and Parton
Model
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Rutherford scattering

The Scattering of o and B Particles by Matter and the Structure of the Atom

E. Rutherford. F RS *
FPhilosephical Magazine
Series 0, vol. 21 ]{]? N
May 1911, p. 669-688
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Power counting analysis
, 0 227 o M2 M o~

S 13 1. q2
K Momentum d>Fk !

Transfer g SRS B E; sin’
D> =

m EM interaction perturbation, leading
order dominance, potential~1/r

m Point-like structure
m Powerful tool to study inner structure
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Basic idea of nuclear science

Since the « and B particles traverse the atom, it should be
possible from a_close study of the nature of the deflexion to
form some idea of the constitution of the atom to produce
the effects observed. In fact, the scatfering of high-speed
charged particles by the atoms of matter is one of the most
promising methods of attack of this problem. The develop-

Rutherford, 1911
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Finite size of nucleon
(charge radius)

m Rutherford scattering with electron

Hofstadter
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Quark model

m Nucleons, and other hadrons are not

fundamental particles, they have
constituents

m Gell-Man Quark Model
Quark: spin 3
= Charges: up (2/3), down (-1/3), strange (-1/3)

Flavor symmetry to classify the hadrons
= Mesons: quark-antiquark
= Baryons: three-quark
= Gell-Man-Okubo Formula
2/10/16 8



Deep Inelastic Scattering

Discovery of Quarks

S '.‘
Friedman Kendall  Taylor
Vs
K= (EK") s T T T
K=&k 7 ' |
e e & ) q=k- k' \ ¢« —W=2 GeV
“1 5 / (off mass-shell) A * - W=3 Gev |
.’,_,»{ . s ——W=23.5 GeV
- -3 — -1
e+ p —> e+ anything / cenze 10 -
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» gluons, -
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1. E: quark anti- :
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Understanding the scaling

m Weak interactions at high momentum
transfer

Rutherford formula rules

m Strong interaction at long distance
Form factors behavior
No free constituent found in experiment

m Strong interaction dynamics is
different from previous theory

eceeny) ‘ 2110/16
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QCD and Strong-Interactions

m QCD: Non-Abelian gauge theory
Building blocks: quarks (spinz, m,, 3 colors:
gluons: spin 1, massless, 32-1 colors)

I _
L=y(iy-0- m)l/J——F“ F,.-gyr Ay

m Asymptotic fr'eedom and confinement

o (Q) v T decays (N3LO)
S Q Lattice QCD (NNLO)

ELEMENTARY
ARTI

{ a DIS jets (NLO)
03+ 0 Heavy Quarkonia (NLO) _
o e'e jets & shapes (res. NNLO)

® 7 pole fit (N3LO)
v pp—> jets (NLO)

02t

0.1}

Clay Mathematics Institute

= QCD 0g(My) =0.1185 +0.0006
| ' 2'Millennium Prize Problem

1 10 100 1000
. Q[GeV]
-~~'—\ ~1/Length

Nonperturbatlve scale Aqcp~1GeV
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Quantum

Chromodynamics

m There is no doubt that QCD is the right theory for
hadron physics

However, many fundamental questions...

How does the nucleon mass?

Why quarks and gluons are confined inside the nucleon?
How do the fundamental nuclear forces arise from QCD?

We don’t have a comprehensive picture of the nucleon
structure as we don’t have an approximate QCD nucleon
wave function

reeee ';"‘ 2/10/16 12
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Feynman's parton language and
QCD Factorization

m If a hadron is involved in high-energy scattering,
the physics simplifies in the infinite momentum

frame (Feynman’s Parton Picture)

m [he scattering can be decomposed into a
convolution of parton scattering and parton
density (distribution), or wave function or

correlations !
QCD "
Factorization! - Z’

"‘\I N/Parton Distributions ® Hard Partonic Cross Section
rrrrrrr |||"
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High energy scattering as a probe
to the nucleon structure

Drell-Yan

an Partof Momentum fraction

DVCS P>, — k . .
C L = Hadronic reactions

¢ jet, hadron, W=

P

m  Many processes: Deep Inelastic Scattering, Deeply-virtual
compton scattering, Drell-Yan lepton pair production, pp—> jet+X

Momentum distribution: Parton Distribution
Spin density: polarized parton distribution

Wave function in infinite momentum frame: Generalized Parton
Distributions

~

A
\
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Exploring the partonic structure of
nucleon worIdW|de

Fixed Target & o  RHIC@BNL J b, -
Tevatron@FermiLab DESY Belle@KEK
¥
CERN,LHC
COMPASS P 4%
m Future facilities Jefferson Lab éﬁ!ﬁk’n

v

Jlab@12GeV oL ‘ .
JPARC (Japan) w5

GSI-FAIR (Germany) é}/ )
EIC, LHeC, ...
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Perturbative corrections

m Singularities in higher order calculations

m Dimension regularization
n<4 for UV divergence Pk orde
n>4 for IR divergence Je 7w
MS (/\E) scheme for UV divergence

m pQCD predictions rely on Infrared
safety of the particular calculation

cecer \ 2/10/16 16



"
pQCD predictions

m Infrared safe observables
Total cross section in e+te-->hadrons
EW decays, tau, Z, ...

m Factorizable hard processes: parton
distributions/fragmentation functions
Deep Inelastic Scattering
Drell-Yan Lepton pair production

Inclusive process in ep, ee, pp scattering,
W, Higgs, jets, hadrons, ...

) ! 2110/16 17



m Light-cone wave functions, factorization
for the hard exclusive processes

Generalized Parton Distributions and form
factors

m Effective theory

Heavy quark effective theory, heavy meson
decays

Non-relativistic QCD, heavy quarkonium
decay and production

m Soft-collinear effective theory

ceeeen) ""‘" 2/10/16 18
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Infrared safe: ete-=>hadrons

m Leading order

positron K2 P, antiquark

electron
K, o quark

Electron-positron annihilate into virtual
photon, and decays into quark-antiquark
pair, or muon pair

Quark-antiquark pair hadronize

cecee ';;\ 2/10/16
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Long distance physics
(factorization)

m Not every quantities calculated in
perturbative QCD are infrared safe
Hadrons in the initial/final states, e.qg.

m Factorization guarantee that we can

safely separate the long distance
physics from short one

m There are counter examples where the

factorization does not work

cecer \ 2/10/16
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/k'=(E',k')
k=(E. k) J

BCle To DIS ) ’_‘f/?-s»,..l,_;_f(_ g

e+ p — e+ anything 2 A

(quarks,
= gluons,
I yirtual
quark anti-

. o =M000)_ — > Quark pairs)
m Kinematics D

Deep Inelastic Scattering
q-P

v="r = E — E' is the lepton’s energy loss in the nucleon rest frame (in earlier
' literature sometimes v = ¢ - P). Here, E and E’ are the initial and final
lepton energies in the nucleon rest frame.

Q?=—-q@2=2EE' - -k ) — g m%, where my(m,) is the initial (final) lepton mass.
If EE'sin?(0/2) > m2, m%,, then

~ 4EE’'sin?(0/2), where 6 is the lepton’s scattering angle with respect to the lepton
beam direction.

2
T = where, in the parton model, z is the fraction of the nucleon’s momentum
2Mv o .
carried by the struck quark.
qg-P v . ) , .
Yy = T P-F is the fraction of the lepton’s energy lost in the nucleon rest frame.

W2 = (P+q)? =M? +2Mv — Q? is the mass squared of the system X recoiling against
the scattered lepton.

—— 2
rr;rrrrr § = (L + P) Q

—

s system.

+ M2+ m is the center-of-mass energy squared of the lepton-nucleon
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Structure functions
(cross section)

m EM factorization (photon exchange)
o= L g oW D o= gy KA ]
2s|k!| (¢%)? . - 872 - /

m Hadronic tensor

7 ‘I‘ AT : b r AT
W = gspgs:o Z{: < N(p.o)| J.(0) | X ><X|.J,(0)| N(p.o) >

X (27(')4()‘4(])3( —q—0p).

, 2/10/16 29



m Symmetry property for hadronic tensor

Spin average Wiem) = W)

Time-reversal invariance W. =",

Current conservation ¢ W =0

Two independent structure functions
W, = —<%w—%%>ﬂﬂﬂf)

1 1 . A
+ (1);4 + m <)_l>> (pu + Qv ()_l>> " Q(I- (]2)

PP,

P-q

~

cecer \ 2/10/16

,

Quv - -
= (_g[.ll/ — 221 ) Fl(.l’QQ) -+ il FZ(I.Qz) PI_[ — Pl_[ —

P-q

—5 q
¢z

23



" A
Naive Parton Model
7 *p.0) =3 [ de does® (0. 0)6 (0

m 2;/x(&) the parton distribution describes the
probability that the quark carries nucleon
momentum fraction c

2/10/16 24
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Naive Parton Model

40 ™ (p.q) = Y [ d€ dopors® (Ep.)yn(&)  *
P JO \ q
m Partonic tensor is calculated v

Xp+q

Wl = L [0 a0 = - 0
w — = _ _ - ' Yull Vv L) 0 \pPp — P — ¢

m Structure functions

BN () = > Qo n(v) = 20F N (2)
f

Callan-Gross relation:
Quark spin is 3 Fy = 2zF)

~

A
\
rrererrer ﬂ
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"
Intuitive argument for the
factorization (DIS)

m In the Bjorken limit, nucleon is Lorentz

contracted =
- Hadron wave function
o——k> § scale ~ 1/Lambda ~1/GeV

OA'
Hard interaction ?C%cltofffgzen
l 1
scale ~ 1/Q /

—\| \ 2/10/16 26



#ac’roriza’rion ?or'mula

RM@QY) = Y ./ dg Co® (— fl-a 01))cxﬂ45-ﬂ2)

i=f.f.G
dé r 2 ,
"% = Y ./ — Oy (— @ o Ut)>c%m(6xﬂ)
S

i=f..G &

m Factorization = scale debendence
I d? din(, H Z / dg ; a1 2)) n(Es 1 2)
1 ’ i=f.f.G J ’

d
N@hw(n s (1 )) = — ( s(H )) f(n) = / dx 2" f(x)
m Scale dependence - resummation

Inp? /po?
/ dt v, (Ois( llogﬁ't))}
Jo

. anomalous dimension: /dé”‘" TB5(€ as) = —%5(n)

2/10/16 27
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Quark-quark splitting

m Physical polarization for the radiation gluon

m Incoming quark on-shell, outgoing quark off-
shell

1+ 22
(1—-2)+

e ';;\ 2/10/16 o8

qu = CF + (S(l — )



Quark-gluon splitting

L

4  §

>

m Incoming quark on-shell, gluon is off-
shell

I+ (11— 1‘)2]

I

Pgjq = CF {
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Gluon-quark splitting

m Incoming gluon is on-shell, physical

polarization
Pyrg = 1F {(l —z)? + IQ]

cecee \ 2/10/16
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Gluon-gluon splitting

m Physical polarizations for the gluons

T Il —x .
Pyglx) = 1. +— +az(l—x)+0(x—1)5

e ';;\ 2/10/16
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These evolutions describe the
HERA data

. HERA F,

T | T = —_— —
i % CTI4NNLOPDFs =2 GeV
ul - w v 1:3 W 1:"" 0 -3 l-2 ..‘] 0.2 05 09

vy 10° 10 107 02 05 0.

,A\l A
rrefrer ’m

X
\| 2/10/16
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Reverse the DIS:
Drell-Yan

MASSIVE LEPTON-PAIR PRODUCTION IN HADRON-HADRON COLLISIONS AT HIGH ENERGIES*

Sidney D. Drell and Tung-Mow Yan
Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305
(Received 25 May 1970)

pPA =>u'u X
Q2 " [ %= —.125 ‘ ‘ ‘
A / :,L 1010 x = —.075
;XF = -.025
C_N o i
can not be wee only 8 Fu iz,
{ S U k=175
EO+ < s = 225 o
S [ x= 275
B 8 102l% = .325
ié L% = 375
~ 1 |-x.= .425
o) (b)
FIG. 1. (a) Production of a massive pair @ from Qmix,: 575
one of the hadrons in a high~-energy collision. In this :.‘3 | x = 625
case it is kinematically impossible to exchange “wee”  £1 | =67
partons only. (b) Production of a massive pair by ol
parton-antiparton annihilation. wf
e 0.08 0.09 0.1 . . . X .
VT
S J.C. Peng

A
\
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Drell-Yan lepton pair production

olpp = 070" +X) =

[+

/ dz1d@ag/p(1)3/p(22)5 (97 — £7E7)

m [he same parton distributions as DIS
Universality

m Partonic cross section

A o®
_ _— - - :2
o(ete™ = q7) =Nom s
30

2
E>6(qq —0T7) = Mae@

3 Q2
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Profound results

LRRLL | LERRLRRLLL | T T T
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"
More general hadronic process

Hadronic reactions
P
jet, hadron, W#*

P

olpp—>c+X)=
/dxldxgqba/p(azl)qbb/p(mg)&(ab —c+ X)

m All these processes have been computed

up to next-to-leading order, some at
NNLO, few at N3LO

reeee ""‘ 2/10/16 36




" 4l - Inclusive jet production ~ _fastNLO |f
104 - lin hadron-induced processes . g

| (x 4000) Vs = 200 GeV pp

* STAR cone 0.2<inl<0.8

| Vs =300 Ge DIS

: (x800) emav H1 k. Q% from 150 to 5000 GeV’
i _ ooase ZEUS k. Q from 125 to 5000 GeV*
g emavo H1 k- Q° from 150 to 5000 GeV~
- Vs = 546 GeV ooase ZEUS k. Q% from 125 to 5000 GeV*

(x 150)
| o COF cone 0.1 <ini <07 W -bar
- Vs =630 GeV pp
» * D@ cone 0.0 <yl <°'5L++*W;M'i_*_ (x 50)

[ Vs=1.8TeV
i © COF cone 0.1 <inl<0.7 (x,20)
* D@ cone 00<Inl<05

_ Vs =1.96 TeV

+ COF k; 01<lyl<07 (x7)
O COF cone 0.1 <lyl<0.7 4

[ * DO cone 0.0<lyl<0.4 pp
[ Vs =276 TeV (x3)
I s° ATLAS ant?k- A=0.6 | ﬁog t $ s 3 ¥ 9 #

! y!
4+ ATLAS anti-k. A=04 Iyl <0.

_ Vs=7TeV .+#¢¢¢¢¢o¢+p?ﬁgw.

o ATLAS anti-k. R=0.6 lyl <0.3
v ATLAS anti-k. R=0.4 Iyl <0.3
O CMS anti-k. A=0.7 Iyl <0.5
* CMS anti-k. R=0.5 lyl <0.5

o ] all pQCD calculations using NLOJET++ with fastNLO:
1 O . a,(M)=0.118 | MSTW2008 PDFs | pg=pp=pPrjn
- NLO plus non-perturbative corrections | pp, pp: incl. threshold corrections (2-loop)
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T
Parton plcture of the nucleon

CT14NNLO PDFs Q=2 GeV
g/5 —
o

di
S
— 0.6 S
ai

0.4

03 107 19(" 0.2 0.5

oo C.-P.Yuan@DIS15
ence quarks, there are sea and gluons

m Precisions on the PDFs are very much relevant
for LHC physics: SM/New Physics

m Beside va

o(gg — H),\/(s) = 13TeV Lo
CT14  MMHT2014 NNPDF3.0 '
42.68pb  42.70pb  42.97 pb B
oy Y2.0% +1.3% +1.9% DIS
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Parton distribution when
nucleon is polarized?

A\ A Proton Spin
_’ 39



m The story of the proton spin began
with the quark model in 60" s

m In the simple Quark Model, the
nucleon is made of three quarks
(nothing else)

m Because all the quarks are in the s-
orbital, its spin (3) should be carried
by the three quarks

m European Muon Collaboration: 1988

“Spin Crisis”--- proton spin carried
by quark spin is rather small

Ny
= 40




Parton distributions in a polarized
nucleon i (@ e
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Proton spin: = A + AG + L
emerging phenomena?

m \We know fairly well how much quark
helicity contributions, A2=0.3+0.05

m With large errors we know gluon helicity
contribution plays an important role

m No direct information on quark and gluon
orbital angular momentum contributions
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The orbital motion:

m Orbital motion of quarks and gluons must
be significant inside the nucleons!

m Orbital motion shall generate direct orbital
Angular Momentum which must contribute
to the spin of the proton

m Orbital motion can also give rise to a
range of interesting physical effects
(Single Spin Asymmetries)



" A
Theoretical Issues

m New structure, new dynamics and new
phenomena!

New Structure and probe physics separation
or factorization

New processes to measure novel observables
= Spin correlation to study orbital motion

Study partons directly on lattice

cecee) \ 2/10/16 44
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Lattice QCD

m The only known rigorous framework for ab-
initio calculation of the structure of protons
and neutrons with controllable errors.

m After decades of effort, one can finally
calculate nucleon properties with
dynamical fermions at physical pion mass!

e
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Nucleon Structure from Lattice QCD

J.R. Green et al, 2012 & 2014

Nearly physical
0.25 : ;
5 2 ? plon mass
P m,=149MeV
020 L J
=015k * :
010
) BChPT & 24048 coarse
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+  24c24 coarse *  CTEQSG
0.9 70 0.15 0,90 0.95 .90 0.5 00,40
ity [GEV]
. Quark momentum fraction ($>u—d, — / dr © (u by o sy == d')
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) merstanding

of
the Nucleon Structure in QC
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Partonic cross section eq—2>e'q’

m Cross symmetry with e+e-->qq

i (13 AJ 1 LV ) 4 ) LV € 2 Lyl v
7= 25‘IT/‘ ((12)2 L ('l"q)uuu(p-q) Ll — 87‘—2” [k"}"t # ~ ]
— 1 e
2 _ _ 2 2 2
IM|* = (q2)2LWWW e; (q2)22 [s +u ]
q-p
u=(k'—p)’=—-2k"-p=—s(1—vy), Y=

(s° + ) = s*(1+ (1 —y)*)

2’
oz |1+ (1= 0)] X €igqp(a)
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